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NASA Glenn initiated a satellite propellant pump technology demonstration program.
The goal was to demonstrate the technologies for a 60% efficient pump at 1 gpm flow rate
and 500 psia pressure rise. The pump design and analysis used the in-house developed
computer codes named PUMPA and HPUMP3D. The requirements lead to a 4-stage
impeller type pump design with a tip diameter of 0.54 inches and a rotational speed of 57,000
rpm. Analyses indicated that flow cavitation was not a problem in the design. Since the flow
was incompressible, the stages were identical. Only the 2-stage pump was designed,
fabricated, assembled, and tested for demonstration. Water was selected as the surrogate
fluid for hydrazine in this program. Complete mechanical design including stress and
dynamic analyses were conducted. The pump was driven by an electric motor directly
coupled to the impellers. Runs up to 57,000 rpm were conducted, where a pressure rise of
200 psia at a flow rate of 0.8 gpm was measured to validate the design effort.

I. Introduction

ROPULSION systems using pressure-fed, 100 Ibf class engines are commonly used for apogee insertion of

geostationary satellites and for axial maneuvers of unmanned planetary spacecraft. The performance of these
propulsion systems, which use Earth storable (amine) bipropellants, has been maximized by the use of iridium-
coated rhenium (Ir/Re) chamber materials'. The use of the high-temperature, oxidation-resistant, Ir/Re chamber
reduces the performance degradation due to fuel film cooling. Further increases in 100 Ibf class bipropellant engine
performance can be obtained by either operation at higher chamber pressures, the use of more energetic propellants,
or both. This can be shown by a one-dimensional kinetics nozzle expansion analysis as given in Fig. 1. The use of
more energetic propellants would require incorporation of at least one cryogen into the propulsion system and would
necessitate advancing the technology for long-term cryogenic storage and distribution.

Operation at higher chamber pressures is more of an evolutionary step that can be used with current state-
of-art bipropellants (and their system components), and then incorporated into cryogenic propulsion systems when
needed. High chamber pressure operation, however, is not practical with pressure-fed systems, since the increase in
propellant and pressurant tank masses offset the engine performance gains. Pumped systems are required in order to
derive the performance benefit of high pressure operation, but pumps of the required flow rate and pressure rise have
not been designed and tested. Existing pump technology is considered to be too unreliable and inefficient by mission
planners.

First of all, this paper presents a simplified systems analysis of the benefit of high pressure operation,
conducted for both the NEAR and CASSINI missions. This analysis led NASA Glenn to conduct research on
storable bipropellant pumps. A goal was set, based on these mission analyses, to deliver the propellants at 550 psia
to a 100 Ibf class rocket while reducing the operating pressure of the propellant tanks from 300 to 100 psia. The
performance goal for this demonstration pump was to increase the pressure from 50 psia to 550 psia at a flow rate of
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Figure 1. One Dimensional Kinetics (ODK) performance comparison of
various bipropellant combinations.

an overhung two stage configuration with interstage seals and with bearings exterior to the pump. Compatibility
with hydrazine was a design criterion. Supporting stress and dynamic analyses of the design were given. The
anticipated design performance was predicted with a steady, 3-D viscous flow calculation. The design was tested on
simulated propellant (water) for safety. Pump operation was demonstrated for this report but limited analysis of the
pump performance was completed in time for incorporation into this report.

Il.  Thermodynamic Analysis of a Pumped System

A simplified schematic of a turbine driven, pumped satellite propulsion system is shown in Fig. 2. The
performance of high pressure NTO/hydrazine rockets was already demonstrated by two NASA Glenn contractors

(Ref. 2, 3). Performance at 98% of theoretical C* was demonstrated
by one contractor and projected by the other. This leads to a
performance estimate of 338 sec Isp for NTO/MMH at a mixture ratio
of 2, 400 psia chamber pressure and an area ratio of 200:1. For
comparison purposes, it was assumed that with some development a
98% theoretical C* pressure fed engine could be developed with 330
sec Isp at 100 psia chamber pressure and similar design parameters.

Thermodynamic analyses indicated that 500 psia pressure
rise could be attained with a pump design requiring about 0.5 kW of
power for each propellant. The required pump power could be
delivered by an electric motor as in this experiment or by a gas
generator driven turbine. The required electrical power may be
available on some communications satellites and on satellites with an
electric propulsion system. If a turbine driven system was selected, a
gas generator cycle must be designed such that the fuel rich turbine
driving gases have sufficient pressure at the turbine exit that they can
be injected into the rocket chamber for propulsion purposes. This
avoids a significant gas generator performance penalty.

Gas generator parameters were selected as used in Reference
4, where it operated at a mixture ratio of 0.18, producing a combustion
gas average temperature of 882 C (1620 F). The turbine speed was
matched to that of the pump at 57,000 rpm, where 60% turbine
efficiency is feasible. The delta P across the turbine is 100 psia and 1
kW of power requires a mass flow of 0.012 kg/sec, which is about 9%
of the total mass flow through the rocket (0.134 kg/sec).
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Figure 2. Schematic of a turbine driven,
pumped satellite propulsion system
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I11.  Pumped Satellite Mission Analysis

The generic pumped system shown in Fig. 2 has three payload benefits. First, rocket performance increased
by about 8 seconds by raising the rocket chamber pressure from 100 to 400 psia. Second, the weight of the
propellant tanks decreased when their operating pressure was reduced from 300 to 100 psia. Third, the size and
therefore the weight of the pressurization system decreased, when the system was pumped. These combined effects
more than offset the additional weight of a pump to give the propulsion system additional payload capability. To
demonstrate these effects, the NEAR propulsion system described in Reference 5 and the CASSINI propulsion
system described in Reference 6 were examined. A propulsion system model developed in Reference 7 incorporated
models for both the propellant tanks and the carbon composite overwrapped pressurant tank. The propellant tank dry
mass was calculated using two different models. The first, based on geosynchronous satellite data, was first
published in Reference 8 and the second, based on commercially available tanks from Pressure Systems Inc., was
published in Reference 9. The dry mass model for the pressurant tank was published in Reference 7 and was shown
to model the titanium-lined, carbon composite overwrapped tank from Pressure Systems Inc. that was described in
Reference 10.

The NEAR propulsion system parameters are given in Table 1. The NEAR spacecraft had a beginning of
life (B.O.L.) mass of 805 kg. The NEAR axial propulsion system supplied a AV=1176 m/sec. The science payload
was 55 kg. The mission used a NTO/MMH propulsion system with significant flight heritage having a performance
of 312 seconds. Using the propulsion system model developed in Reference 7 a comparison of system enhancements
was conducted. If the rocket performance was increased to 330 sec, 11.4 kg of propellant were saved along with 0.4-
0.7 kg of tank mass. Payload could be increased 21-22% in this case. If a pump were incorporated into the system as
shown in Fig. 2, the tank pressure could be reduced to 100 psia, while the rocket chamber pressure was raised to 400
psia giving a rocket performance of 338 sec. This lead to 16.2 kg of propellant saved. Reducing the propellant tank
pressure to from 300 to 100 psia reduced the tank mass and pressurant system mass 9.4-12.0 kg depending on the
tank model used. The pump/motor or pump/gas generator mass was conservatively estimated to be 4.2 kg based on
the hardware developed on this program. The net effect on payload was an increase of 39-44% as shown in Table 1
and Fig. 3.

NEAR Propulsion System CASSINI Propulsion System
Model Model

Beginning of Life kg 805 Beginning of Life | kg 5609
Payload kg 55 Payload kg 684
Delta-V m/sec 1176 Delta-V m/sec 2039
Propellants NTO/MMH Propellants NTO/MMH
MR 2 MR 2
Pressurant kPa 29670 Pressurant kPa 29650

S.O0.A. | Advanced | Pumped S.0.A. | Advanced | Pumped
Isp sec 312 330 338 Isp sec 312 330 338
Tank Pressure kPa 2070 2070 690 Tank Pressure kPa 2070 2070 690
Propellant kg 304.1 292.7 287.9 Propellant kg 2865.0 2753.0 2705.9
Tanks (Ref. 6) kg 15.3 15.0 8.9 Tanks (Ref. 6) kg 89.5 86.1 29.8
Tanks (Ref. 7) kg 13.2 12.6 4.2 Tanks (Ref. 7) kg 95.8 93.6 30.5
He Tank kg 4.6 4.6 23 He Tank kg 28.2 27.2 9.5
He kg 1 0.9 0.3 He kg 9.0 8.7 2.7
Est. Pump Mass | kg N/A N/A 4.2 Est. Pump Mass | kg N/A N/A 4.2
Propellant Saved | kg N/A 11.4 16.2 Propellant Saved | kg N/A 112.0 159.1
Tank Mass N/A 04-07 9.4 - Tank Mass N/A 3.5-47 84.7 -
Saved kg 12.0 Saved kg 90.3
Total Mass N/A 1.8 - 214 - Total Mass N/A 1155 - 239.6 -
Saved kg 121 240 Saved kg 116.7 245.2

NA | 21-22% | 39- N/A 16.9 - 35.0 -
%Payload (55 kg) 44% %Payload (684 kg) 17.1% 35.8%
Table 1. Pump benefit to NEAR mission Table 2. Pump benefit to CASSINI mission
3
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The CASSINI propulsion system parameters are
given in Table 2. CASSINI had a B.O.L. mass of 5609
kg. The CASSINI axial propulsion system supplied a
AV=2039 m/sec. The science payload was 684 kg. The
flight heritage propulsion system again had 312 sec of
performance. If the rocket performance was increased to

330 sec, 112 kg of propellant were saved along with 3.5-4.7 kg of tank mass. Payload could be increased 16.9-
17.1% in this case. If a pump were incorporated into the system as shown in Fig. 2, 159.1 kg of propellant could be
saved along with 84.7-90.3 kg of propellant tank and pressurant system mass. Again a pump mass of 4.2 kg was
estimated giving a net effect on payload of 35.0-35.8% as shown in Table 2 and Fig. 4.

IV.  1-D Pump Design

A mean line pump-flow modeling method™ called PUMPA that was developed at NASA Glenn was used to conduct
the conceptual design of the pump. This pump code can model axial, inducer, mixed-flow, and centrifugal pumps
and can model multistage pumps in series. It can also be used to model the performance of pumps at off-design
operating conditions. The PUMPA flow analysis code was used to explore the design space for this research pump,
and for the design of the pump flow path and impeller blades.

This satellite propellant pump development
targeted a pressure rise of 500 psia at a flow rate
of approximately 1 gallon per minute of hydrazine
and nitrogen tetroxide in order to be compatible
with 100 Ibf class thrusters commonly used on
many satellites. Because this research pump was
intended to be driven by an electric motor, the
design speed was determined in part by the
mechanical limitations of the motor to be at a
maximum of 60,000 rpm. The conceptual design
for the satellite pump focused on a four-stage
centrifugal pump that could provide the required
500 psia pressure rise with each stage providing a
pressure rise of 125 psia (Fig. 5). The four stage
pump features a back-to-back configuration to
offset axial thrust loads. However, for the
purposes of technology demonstration, a two-
stage pump tester was designed using water as the
surrogate fluid for hydrazine. Sizing the
centrifugal pump impeller was done with

|

Figure 5. Conceptual design of four stage satellite
pump to meet 500 psia pressure rise.
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consideration to keeping the specific speed from being excessively low, in order to maximize pumping efficiency.
Even though there was an effort to keep the specific speed from being too low, the final value of 487 was still
low even for a centrifugal. The design rotational speed was 57,000 rpm. The impeller configuration was shrouded,

with a smooth seal having 0.003 inch radial clearance to control int

ernal leakages. This tight seal clearance was

predicted to provide an impeller with 78% efficiency and a stage with 62% overall efficiency. The shaft power

required to drive the two stage pump was 0.25 horsepower at the
design condition. A two-dimensional centrifugal impeller was
designed featuring splitter blades and is shown in Fig. 6. The impeller
exit diameter was 0.54 inches. There was a slight taper through the
impeller flow path from the shroud side in order to control the
diffusion rate through the blades and limit the relative velocity ratio to
a value below 1.9 at the design operating condition. The impeller
leading edge metal angle was sized at 18.8 degrees from the tangential
direction, to provide zero incidence with the relative flow angle
entering the impeller. The impeller trailing edge was at 36.4 degrees
from the tangential direction to provide the proper amount of pressure
rise, and contributes to controlling the diffusion through the blades.
The impeller blade featured a simple circular arc shape. The design-
point rotor efficiency and slip factor were modeled in the PUMPA
code by empirical correlations to rotor-specific speed and geometry.
Based on the slip factor model in the pump code, the calculated value
of flow deviation from the impeller exit blade angle was 13 degrees.
The second stage impeller blades and flow path were designed to be
identical to the first stage.
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Figure 7. Two-stage pump performance map
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Figure 6. Centrifugal impeller of 0.54
inch diameter, featuring 6 long blades
and 6 splitter, or partial blades.

The diffusion system of the first stage
consists of a vaneless radial diffuser,
followed by a cross-over diffuser having de-
swirl vanes. The cross-over diffuser with
radial vanes takes out the swirl from the flow
exiting the stage one impeller. This provides
an inlet flow into stage two that has zero
swirl. The leading edge angle of the cross-
over diffuser vanes was sized to provide zero
incidence with the incoming flow. The throat
area of the de-swirl vanes was sized with the
PUMPA flow code model to provide a 0.80
optimal loading parameter'. This resulted in
a throat area to diameter ratio (AOD) of
0.007, where the diameter was that of the
center of gravity of the throat area. The cross-
over diffuser vanes were designed with a
gradual, nearly constant change of cross
section area through the vane passages from
inlet to outlet in order to minimize losses. The
diffusion system of the second stage featured
a short vaneless diffuser section that was
followed by a volute scroll. The volute
tongue metal angle was sized to have zero

incidence with the flow exiting the second stage impeller, and the volute throat area was also sized for optimal

loading parameter using the PUMPA code model.
The performance map for this two-stage pump was modeled with
illustrating the pressure rise vs. flow rate and speed.

5

the PUMPA code and is shown in Figure 7,
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V. 3-D Flowfield Analysis

The flowfield through this pump at the design point was then analyzed with a steady, 3-D viscous calculation in
order to detect any unexpected phenomena such as flow separation. The three-dimensional, unsteady, Navier-Stokes
code (HPUMP3D) developed at NASA Glenn and used for various turbomachinery flows' ** ** was used in the
current study. Previous studies have shown that high-order discretization schemes were necessary in both space and
time to avoid excessive numerical dissipation. Therefore, a third-order accurate interpolation scheme was used for
the spatial discretization of the convection terms and central differencing was used for the diffusion terms. The
method yields second-order spatial accuracy on smoothly varying grids.

An implicit, second-order scheme was used for time integration. For unsteady flow calculations, the size of
the time step was primarily determined by the requirement for physical accuracy. However, the time step was also
restricted by numerical stability. The current implicit time integration approach performed a sub-iteration at each
time step to ensure stability and accuracy over a range of physical time steps. The residuals of each finite difference
equation were integrated over the entire flow domain at each sub-iteration. When the integrated residuals were
reduced by four orders of magnitude from their initial values, the solution was advanced to the next time step. For
the current analysis, a computational grid with 40 nodes in the blade to blade direction, 40 nodes in spanwise
direction, and 200 nodes from impeller inlet to exit was used.

A modified two-equation turbulence model with near-wall corrections was used to estimate turbulence
stresses. At the inlet of the computation domain, the velocity components were specified. At the exit of the
computational domain, constant streamwise gradients of the variables were assumed and total mass conservation
was imposed. Fig. 8 shows calculated static pressure distribution near the shroud of the impeller. Calculated velocity
vectors near the casing in the de-swirl vane is shown in Fig. 9. No flow separation was detected in the analysis and
the predicted pressure rise and efficiency were similar to that calculated by the 1-D analysis.

O_
Sta
igure 8. Calculated static pressure Figure 9. Calculate
igtribution near the shroud of the casing in the de-swi

H{tpeller

The two-stage pump mechanical design was conducted
by the Engineering Design Division of NASA Glenn. The design
was largely driven by the manufacturing processes required to
fabricate the precision components. However, the assembly/
disassembly process, the coupling of the motor to the pump, and
rotor-dynamics shaped the configuration. Finally, and most
importantly, the mechanical design needed to accurately capture
the precision aerodynamic pump flow-path required to meet the
overall pump performance goals.

A partially assembled pump showing the first stage
impeller is shown in Fig. 10. A cross section of the pump
mechanical design is shown in Fig. 11. A high speed electric
motor, provided the necessary speed and torque via an integral
shaft ~design. This eliminated any potential  shaft  Figure 10. Partial assembly of pump
coupling/alignment issues associated with separate shafts. The  showing first stage impeller

6
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Figure 11. 2-D Pump Cross-section

motor’s rotor was mounted directly onto the pump shaft, and the stator was incorporated in the motor housing. The
motor housing served to house the rear pump bearing and associated pre-load spring, position the motor stator
relative to the rotor, and define the flowpath of the motor water cooling jacket. The pump bearings, chosen for the
convenience of this test, were commercially available high speed ball bearings with grease packing for lubrication.
The bearings were axially preloaded at 3 lbs by a wave spring located immediately aft of the rear pump bearing and
was axially held in place by the pre-load end cap. The entire motor assembly and cooling jacket was enclosed by the
rear cover which also served as a protective shield for all of the rotating motor components. The bearing housing,

motor housing cooling jacket and rear cover were all made
from 300 series stainless steel.

The impellers (shown in Fig. 12 along with part of the
volute) were assembled to the motor shaft as shown in Fig.
13 in an overhung manner with the bearing supports on the
motor shaft. This design was chosen primarily due to
physical space limitations associated with incorporating a
relatively large bearing between stage 1 and 2 impellers.
Also, the dynamic analysis showed subcritical operation
across the entire operating range. A cross section of the
turbomachinery assembled to the shaft is shown in Fig. 14.
The axial location of the impellers was adjusted using a shim
near the front bearing. Both impellers were made out of 300
series stainless steel which provided more than sufficient
strength and corrosion resistance. In addition, the relative
softness of stainless reduced the potential for galling against
the harder 17-4 PH shaft material.

7

Figure 12. Impellers and volute
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The pump contained five wear ring style seals which can
be seen in Fig 14. The physical size of the pump ruled out
incorporating commercially available *“off the shelf” type seals
so custom seals were obtained. Each seal was custom designed
to press fit into each of their respective static housings. Once
assembled into their housings, the sealing (inside) diameters
were then machined to obtain the required clearance. The seals
were made out of a high temperature thermoplastic, trade

Figure 13. Impellers assembled on motor
shaft

named Permachem 5600, as opposed to a more
traditional elastomeric or engineered plastic seal
material due to the extremely high pressure and
velocity encountered in this application.
Permachem 5600 also exhibits excellent wear
characteristics and was shown to be compatible
with both water as well as the eventual pump

Working fluid - hydrazine. The Sealing surfaces F|g 14. Cross Section of the TWO_Stage Pump

were coated with a nickel plating to obtain the proper hardness.

A seal drain port was integrated into the exit housing in
order to drain the seal leakage at the stage 2 aft seal. The exit
volute shown in Fig. 12 was split axially to enable the assembly
and disassembly of the stage 2 impeller as well as to
accommodate manufacturing processes required to machine the
volute flow path. Due to the low radial loads during operation,
only a single volute was required. The inter-stage housing
shown in Fig. 15 mounted directly to the exit housing and
served four primary functions including: (1) half of the volute
exit flow path, (2) the ID of the pump cross-over flow path, (3)
: the pump’s diffuser vane housing, and (4) the pump’s inter-
\ stage and stage 2 forward seals housing. A pin between the
inter-stage and exit housing provided precise radial and
circumferential alignment. The pump inlet housing mounted
directly to the exit housing and served three primary functions
Stage 1 Inlet  Stage 1 Impeller  Stage 2 Impeller including (1) the housing for the stage 1 seal (2) the OD portion
of the pump cross-over flow path and (3) the pump inlet flow
path. A static pressure tap was integrated into the inlet housing
to measure the static pressure at the exit of the stage 1 impeller.
The inlet, interstage and exit housings were all made out of 300
series stainless steel which provided sufficient strength and
corrosion resistance. The pump subassembly (inlet, inter-stage,
exit and bearing housing) and motor subassembly (motor
housing and cooling jacket) were clamped together with bolts,
and the entire assembly was mounted to a table through
brackets.

The entire flow path of the pump was optimized using
various Pro/ENGINEER optimization/behavioral modeling
Fig 16. 2-D Pump Flowpath tools to obtain specific flow parameter values and to obtain
smooth flow transitions in order to maximize pump
performance. A 2-D cross section of the pump flow-path can be

|
Figure 15. Interstage housing showing
diffuser vanes

Pumpinlet  Cross Over Static Vanes Transition
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seen in Fig. 16. The pump inlet incorporated a traditional bell-mouth style pump inlet flow path. The stage 1
impeller inlet flow path was optimized to obtain a smooth, 15% linearly decreasing flow area leading to the stage 1
impeller. The sixteen static vanes were designed with an area ratio of ~ 4.3:1, an AOD ~ .007 and a cone angle
(channel diffuser) ~ 14 degrees. An additional 30% area reduction was incorporated between the static vane exit and
the stage 2 impeller inlet. The volute was designed with a linearly increasing transition flow area (AR ~ 8.33:1) and
an AOD ~ .007. In addition, the volute cutwater diameter (diameter @ volute tongue) was approximately 10%
greater than the stage 2 impeller OD in order to control pump noise and efficiency.

A. Impeller Stress Analysis
The impellers were analyzed using a combination of hand calculations and finite element analysis software.
Given the relative thicknesses of the impeller shrouds and body, and the general robustness of centrifugal hardware
designs, the safety margins were high (>5) for both burst speed and bore stress. The total shear stress from both
aero and centrifugal loads at the blade/shroud interface where the two pieces are brazed together was only 150 psi.
The shearing and axial stresses were determined to be acceptable at all shaft locations — the loads included inertial,
thrust and acceleration loads.

B. Dynamics Analysis
The shaft dynamics shown schematically in
Fig. 17 were analyzed using a software package

called DyRoBeS Rotor, which provided bearing A
loads, critical speeds, whirl speeds, and time

|

transient response. For this pump application, the -
limiting dynamic effect was the radial displacements

of the impellers. Given the effects of clearance,
bearing play, alignment, and tolerance effects, the
impellers were dynamically limited to 0.002” of
radial motion.

A sensitivity study was undertaken to
determine the effects of impeller unbalance and
damping on the first bending. The effect was Whirl Speed Map
dramatic — increasing unbalance raised the shaft 200000 : ;
displacement significantly; however, even a small
amount of damping & stiffness could reduce the
displacement to almost zero. A similar study of the
bearing damping showed relatively little affect on
the frequency and amplitude. Due to the viscosity
of water and the length of the sealing gap, the seals
provided a significant amount of damping relative
the excitement. The damping was determined to be
about 0.1 Ibf-s/in and the stiffness was calculated to
be between 286 and 2000 Ibf/in. In-house balancing
efforts reduced the unbalance to .00016 oz-in at 3
planes. Fig. 18 shows the whirl map with the final

Fig 17. DyRoBes Model
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inputs shows subcritical operation for both shaft oL S T, - o o
whirl and first critical speed. The largest Retational Speed (rpr)

displacement, at impeller #1, is only .0007” at

57,000 rpm. Fig 18. Pump Whirl Map

VII. Facility Description

A fluid and facility control system was specified and assembled. The drive system consisted of a brushless
high speed water-cooled DC motor. The motor was capable of producing 27.2 oz-in of torque @ 60,000 RPM. The
motor was controlled utilizing a high speed DC motor drive operated via computer.

9
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Data acquisition was accomplished using a data logger communicating via computer with the control
program. Motor torque, current draw, input power, and speed were recorded. The data was stored in a spreadsheet
for later reduction. Pump instrumentation included static pressures at the pump entrance, the first impeller exit, and
at the volute exit along with flow rate and flow temperature. The pressure transducers can be seen in the photograph
of the test article in Fig. 19. No attempt was made to record high frequency pressure data in these tests. Motor
temperature from an imbedded thermocouple was also monitored as a facility diagnostic.

y N s

Figure 19. Photograph of test article.

The pump was
run at speeds up to
57,000 rpm and flow

rates up to 1.2 gpm. 250

VIII.

A water cooling jacket was designed to keep the
motor stator surface temperature below 150°C, which was the
maximum allowable stator temperature. The water cooling
jacket was identified in the drawing in Fig. 11. The analysis
was based on the conservative assumption that the cooling
jacket needed to remove all the power losses generated from
the motor (~ 200 W). The analysis showed the biggest driver
of stator temperature to be the size of the air gap between the
OD of the stator and the ID of the motor housing. The radial
air gap between the stator OD and the motor housing ID was
designed to be ~ .0005” - .0015”. Analysis results showed
that this size radial air gap would allow the stator surface
temperature to be well below the 150°C limit. Motor cooling
in flight hardware would be accomplished by heat transfer to
the propellant flow.

Test Results

Satellite Propellant Pump Test Data

In general, pressure
rises of about 75%
of the predicted

values were 200
observed for the
various flow rates
and speeds. Speed
lines plotted in Fig.
20 were selected to
match the speed
lines plotted in the 1-
D prediction of Fig.
7. For example, a
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Pressure Rise (psi)

- + 45.6 KRPM
e 4 = 51.3 KRPM

+ 57 KRPM
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pressure rise of 200 50
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«17.1

compares with a 0
predicted  pressure
rise of 260 psia. The
predictions were
based on empirical data
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Figure 20. Two-stage pump test results

from much larger pumps and on the simple blade geometry used on this small impeller. Differences in predicted and
actual rotor efficiency and losses in the diffusion system for these small pumps were possible causes of this lower
than predicted pressure rise. Based on this data, a pressure rise of 250 psia was predicted at a speed of 64,000 rpm
and pump overall efficiency was in the range of 45-50%. More detailed post test inspection of seal clearances and
analysis of the pump and motor performance data will be reported in a subsequent paper.
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IX. Conclusion

A case was made for the incorporation of pumps with a modest pressure rise (500 psia) into satellite propulsion
systems. A pumped system was proposed with payload benefits up to 40% accruing from both an increase in the
rocket performance and a reduction in the pressurization system dry mass. The modest power requirement (1 kW)
was compatible with a gas generator driven turbine or an electric motor with the power obtained from onboard
power storage. A thermodynamic analysis showed the possibility that a gas generator driven turbine could drive the
pump and still inject the fuel rich turbine exhaust gas into the rocket combustion chamber eliminating the gas
generator penalty. This successful pump design, fabrication and test effort showed that the fabrication technologies
exist to build high efficiency satellite propellant pumps with flow rates relevant to satellite propulsion and pressure
increases that can significantly benefit mission payloads. The power required to drive the electric pump was
consistent with that available on satellites equipped with electric propulsion.
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